IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 57, no. 12, dEcEmbEr 2010 Abstract-We have developed a dual-modality biomedical imaging probe utilizing intravascular ultrasound (IVUS) and optical coherence tomography (OCT). It consists of an OCT probe, a miniature ultrasonic transducer and a fixed mirror. The mirror was mounted at the head of the hybrid probe 45° relative to the light and the ultrasound beams to change their propagation directions. The probe was designed to be able to cover a larger area in blood vessel by IVUS and then visualize a specific point at a much finer image resolution using OCT. To demonstrate both its feasibility and potential clinical applications, we used this ultrasound-guide OCT probe to image a rabbit aorta in vitro. The results offer convincing evidence that the complementary natures of these two modalities may yield beneficial results that could not have otherwise been obtained.
I. Introduction a therosclerosis, one of the major causes of mortality in developed countries, is basically the hardening of the arterial vessel wall caused by athermanous plaques [1] . To assess the morphology and severity of atherosclerotic lesions, biomedical imaging techniques such as angiography, cT angiography (cTa), and contrast-enhanced magnetic resonance angiography (cE-mra) have been developed [2] , [3] . However, angiography and cTa are X-ray-based invasive techniques and require the injection of a contrast agent into the blood vessel. These contrast agents may lead to serious allergic reactions and can be harmful to the patients with kidney disease [4] . cE-mra, in contrast, is safer because it has no ionizing radiation and its contrast agents tend to be less toxic. However, the major drawbacks of cE-mra are its relatively high cost and long processing time [5] .
Intravascular ultrasound (IVUs), a catheter-based technique, has been increasingly used for the clinical detection and diagnosis of atherosclerosis to overcome the drawbacks of these imaging modalities [6] . IVUs has several advantages, such as its low cost and lack of radiation and contrast agent. IVUs allows doctors to obtain detailed, accurate images of diseased vessels from inside the artery and simultaneously evaluate their size [7] . However, one of the drawbacks of IVUs is its limited image resolution, which depends on the wavelength of the sound beam. This is a major weakness when diagnosing the plaques, compared with the other imaging modalities [8] . Higher resolution IVUs images can be achieved using a high-frequency ultrasound transducer, but this comes at the cost of a limited penetration depth [9] .
Unlike IVUs, optical coherence tomography (ocT) is a newly developed optical technology providing real-time, noninvasive, and high-resolution 3-d-images with micrometer resolution, which can be 1 to 2 orders of magnitude smaller than that of IVUs [10] . characterized by excellent surface image resolution, intravascular ocT has been used recently to visualize the arteries to detect vulnerable lipid-rich plaques [11] , [12] . However there are two limitations of ocT when used for intravascular imaging applications. First, ocT is restricted to imaging 1 to 2 mm below the surface in turbid biological tissue, which makes it difficult to give entire cross-sectional information regarding artery anatomy and provide quantitative arterial thickness measurements. second, ocT requires displacing arterial blood to minimize scattering by infusing a saline solution. To alleviate the effects of the saline solution on blood circulation, only a minimum amount of saline flushing will be used for ocT once the area of interest has been found by IVUs.
Therefore, a complementary integrated IVUs-ocT probe may be suitable for cutting-edge intravascular imaging applications. The superior resolution of ocT enables accurate characterization of athermanous plaques, and IVUs can provide an overall image of the vessel wall [11] . In fact, research has demonstrated a high agreement between the two complementary techniques on the detection of fibrous, fibrocalcific, and neurotic core regions [8] , [13] . The feasibility of the combined use of IVUs and ocT data (images acquired separately) for detecting thin-cap fibroatheroma (TcFa) with 56 patients has been studied by sawada et al. [8] . The results clearly show that neither modality alone is sufficient for detecting TcFa. Therefore, the combined use of ocT and IVUs provides an excellent approach for evaluating TcFa.
To respond to these needs, we have reported a preliminary result using an integrated IVUs-ocT probe [14] . This probe was developed with the hope that by utilizing both modalities, the shortcomings of both may be minimized. also several researchers have very recently presented the concept of an ocT/IVUs dual-modality catheter [15] , [16] . However our work is the first to report of imple- mentation of a dual-modality probe. In this paper, we present an in vitro image study of the ultrasound-guided ocT dual-modality probe to show its tremendous potential for use in intravascular imaging applications.
II. materials and methods
For an IVUs ultrasound transducer, a piezoelectric material with a high k t (the thickness mode electromechanical coupling coefficient) is always preferable, such as Pb(mg 1/3 nb 2/3 )o 3 -PbTio 3 (Pmn-PT). Therefore, in this study, a 67%Pmn-33%PT (k t = 0.58, Hc materials corp., Urbana, Il) single crystal was selected and then lapped down to 55 μm and electroplated with 1000/500 Å of gold/chrome. a matching layer (Z = 7.3 mrayl) made of Insulcast 501 and Insulcure 9 (american safety Technologies, roseland, nJ) and 2-to 3-μm silver particles (sigmaaldrich Inc., st. louis, mo) was centrifuged, cured, and then lapped down to approximately λ/4 thickness over the surface of the Pmn-PT plate. conductive epoxy (EsoldEr 3022, Von roll Isola Inc., new Haven, cT) was applied as the backing material, using the same centrifugal casting and curing procedure as the matching layer. more detail about the design and fabrication of a highfrequency ultrasound transducer has been reported in our previous work [17] . This transducer's center frequency was designed to be 35 mHz, which was a compromise between the resolution and penetration depth required for our application. The square aperture of the Pmn-PT was 0.4 × 0.4 mm to match the 50 Ω electrical impedance of commercial systems. The outside diameter of this transducer was restricted to 1.5 mm to fit within the size limitation of the blood vessels of interest.
The ocT probe was assembled next to the aforementioned ultrasound transducer. This endoscopic ocT probe incorporated a 1310-nm single mode fiber was cut to 8 degrees and glued to a gradient-index (GrIn) lens. The axial and lateral resolutions of the ocT probe are 8 and 20 μm, respectively [16] . The ocT and IVUs probes were mounted inside a 2.8-mm-diameter stainless steel tube and then filled with epoxy (EPo-TEK 301, Epoxy Technology, billerica, ma). after combination, a 2-mm-diameter aluminum coated prism with a 45° angle (Edmund optics, barrington, nJ) was mounted at the end of probe to allow for the required simultaneous radial scanning. The distance from this mirror to transducer surface is equal to one-half of the natural focus length of the transducer. The stainless steel tube was then enclosed by an optically transparent polystyrene tube (2.82 mm diameter) to prevent contamination from the environment, such as blood. a cross-sectional drawing of the finished probe is shown in Fig. 1. III. Probe Evaluation a commercial transducer modeling software Piezocad (sonic concepts, Woodinville, Wa) was used to simulate the performance of the ultrasound transducer and a pulse-echo test was performed using the Panametrics 5900Pr pulser/receiver (olympus ndT Inc., Waltham, ma) to evaluate this transducer. Fig. 2 shows the modeled and measured pulse-echo signals and spectra. In Fig. 2(a) , the designed center frequency was 35 mHz, and the −6-db fractional bandwidth was 65%. The measured center frequency of the fabricated transducer was 34 mHz, and −6-db fractional bandwidth was 53% [ Fig. 2(b) ].
a phantom consisting of five 20-μm-diameter tungsten wires (california Fine Wire co., Grover beach, ca) was then imaged to assess the axial and lateral resolutions of the IVUs transducer. The generated image was displayed using a logarithmic representation of pixel intensity with a 50 db dynamic range (Fig. 3) . It can be seen that all five wires could be resolved, but the image generated using the mirror shows a significant drop in snr. The −6-db axial and lateral resolutions for the Pmn-PT transducer were calculated by looking at the line located at a depth of 4 mm (axial direction). The measured −6-db resolutions at this depth were approximately 65 μm in the axial direction and 435 μm in the lateral. For a square unfocused transducer, the axial and the lateral resolutions can be estimated using the Field II simulation program [18] . assuming the working distance of this transducer was 4 mm, then the modeled axial and lateral resolutions were 55 μm and 440 μm, respectively. Fig. 4 provides the axial and lateral line spread function to show the effect of the mirror on the ultrasonic transducer's image resolution and snr. It has been observed that there is no major difference in the axial and lateral line spread functions at equal or less than −6 db with reference to the peak. However, the snr of the image acquired using a transducer with a mirror was roughly 10 db lower than the ultrasound transducer without a mirror. This signal loss was caused by te absorption and/ or imperfect mirror reflection and may be compensated for in the future using several methods, such as increasing excitation energy to the transducer, or using low-noise amplifiers or filters.
next, the resulting hybrid probe was rotated mechanically to obtain in vitro intravascular images. again the Panametrics 5900Pr pulser/receiver was used to excite the ultrasound transducer and receive the echoes. The echoes were then digitized by Gage a/d card (cs12400, Gage applied Technologies Inc., montreal, quebec, canada). Each a-mode echo signal was recorded with 14 db gain for every two degrees in one rotation (180 lines in total). a maTlab (The mathWorks, natick, ma) program was then used to convert the radial a-mode data to a rectangular b-mode ultrasound image.
For the ocT system, the output light from a swept light source (santec corporation, Komaki, aichi, Japan) at 1310 nm with a FWHm bandwidth of 100 nm and output power of 5 mW was split into reference and sample arms using a 1 × 2 coupler. The light source was operated at a sweeping rate of 20 kHz. Eighty percent of the incident power was coupled into the sample arm; the rest was fed into the reference arm. a data acquisition board (PXI5122, national Instruments, austin, TX) was used to digitize the return signals. The sampling rate was set to be 33 mHz for the ocT system. a schematic diagram of this hybrid imaging system is given in Fig. 5 . Fig. 6(a) shows the IVUs image of a rabbit aorta acquired using the hybrid probe. It can be seen that the ultrasound has penetrated the blood vessel, forming a clear cross-sectional image. The average thickness of this aorta is approximately 1.0 mm. an ocT image of the same aorta is shown in Fig. 6(b) . The concentric circular structures seen in the middle are the inner and outer surfaces of the plastic protective tube. These artifacts were caused by the difference of refraction coefficients of the plastic and the water. In addition, the overlapping of the vessel and the tube was caused by the probe touching the vessel's surface when it was rotated. obviously, Fig. 6 (b) reveals more details of the surface structure of the vessel and the inner profile of the vessel was more precisely obtained than in Fig. 6(a). nevertheless, Fig. 6(b) does not show a cross-sectional structure of this aorta, but Fig. 6(a) does (see Zone I). The area marked with an asterisk in Fig.  6(a) shows that IVUs can even image the blood capillary, located on the other side of this aorta. It can be seen that ocT is not able to visualize a deeper target, such as early-stage atherosclerosis, hiding under the vessel surface because of ocT's limited penetration depth. For example, in Fig. 6(a) (see Zone II), a deeper vessel structure was visible with IVUs, but not by ocT in the corresponding position in Fig. 6(b) . However, ocT can better delineate subtle changes in the vessel surface, which will be helpful for characterizing plaques.
To demonstrate the system's repeatability, the IVUs and ocT images of another section of the same rabbit aorta are shown in Figs. 6(c) and 6(d), respectively. clearly, IVUs is good at covering a large area without losing its ability to pinpoint a specific target, whereas ocT is useful for imaging structures closer to the surface of that target at a much finer resolution. Thus, these results demonstrate that images gathered via IVUs and ocT can be complementary.
IV. discussion and conclusions a dual-modality biomedical imaging probe using IVUs and ocT technologies has been developed and in vitro images of a rabbit aorta were acquired. These images have successfully demonstrated the feasibility and potential of this dual-modality probe. We believe that the ultrasound-guided ocT is a promising approach for detecting plaques. However, there are some drawbacks to this probe configuration. First, the small difference in the positioning of the IVUs and the ocT probes creates slightly different imaging areas. This issue can be solved using a ring ultrasound transducer and placing the ocT optic fiber inside it. another problem is that a significant portion of the ultrasound signal is lost because of absorption or imperfect reflection when using a mirror. To minimize this loss, a polished reflector made of high acoustic impedance materials, such as stainless steel or tungsten could be used. Finally, the size of the probe can be an issue. although a 2.82-mm diameter probe is suitable for an in vitro experiment, a smaller probe is required to do an in vivo intravascular imaging experiment in the future. our research on how to minimize the probe size is ongoing. acknowledgments We thank mr. J. Williams and dr. d. Wu for their aid in fabricating the PmT-PT transducer. We also thank Hc materials corp., Urbana, Il, for providing the Pmn-PT single crystal. references
